Efficient and green oxygenation of alcohols to the corresponding aldehydes, esters and nitriles was developed with high selectivity. Functional alcohols, including some heterocyclic and allylic alcohols can be oxygenated to the corresponding aldehydes, esters and nitriles respectively. Moreover, the catalyst can be recycled and reused without significant deactivation. Noteworthy, the Co@NC (800-2h) catalyzed oxygenation of alcohols can be regulated easily by changing the reaction conditions, and then the corresponding aldehydes, esters and nitriles can be obtained in high yields respectively.
Introduction
Selective oxygenation of alcohols is not only of wide concern in basic chemistry research, but it is also a great challenge for the production of bulk chemical.
1 Selective oxidation of alcohols is a powerful tool in the synthesis of complex organic molecules such as natural products, pharmaceuticals and polymers. Generally, esters are prepared by a two-step synthetic procedure, involving the synthesis of the carboxylic acids or activated acid derivatives, and a subsequent reaction with alcohols.
3 As a result, the multistep process is oen accompanied by the formation of toxic and harmful byproducts.
4 At the same time, nitriles are important building blocks of dyes, natural products, herbicides, agrochemicals, and pharmaceuticals, and the preparation of nitriles is oen through multistep process using toxic HCN or metal cyanides. 5 The ammoxidation has been developed for the production of some nitriles under drastic conditions in industrial application. 6 The development of selective oxidation reactions is an important topic and is crucial for the advancement of green and sustainable industrial processes.
7 In recent years, much effort has been devoted to the oxidation of alcohols to esters by a single step, which could represent a big step forward toward green, economic, and sustainable processes because of the availability and low cost of alcohols in comparison to their oxidation products such as aldehydes and carboxylic acids.
8 But the relevant reports are limited to noble metal catalysts, such as palladium, gold, and ruthenium. Moreover, some homogeneous systems are used for the oxidation process, which are economically unfavorable.
9 So, it is desirable to develop cost-effective, heterogeneous catalysts with good selectivity. 10 A possible solution to this problem can be the increased utilization of cheap metal catalysts, such as iron, cobalt and copper catalysts.
11
Recently, some cobalt and iron catalysts were reported for the oxidation of alcohols to the corresponding esters and nitriles, and good yields were obtained.
12 A heterogeneous Co catalyst system was reported by us for the reductive amination of aldehydes and ketones, and the Co catalyst system exhibited good activity and excellent selectivity.
13 Herein, the heterogeneous Co catalysts were used for the selective oxidation of alcohols. Through controlling the reaction conditions, the Co catalyzed oxygenation of alcohols can give esters, aldehydes and nitriles selectively (Scheme 1).
Results and discussion
As developed previously, the supported cobalt catalysts (Co@NC) were prepared by pyrolysis of Co(OAc) 2 with 1-methyl-3-cyanomethyl-1H-imidazolium chloride ([MCNIm]Cl) in activated carbon (detailed experimental see ESI †). The prepared Co@NC catalysts were tested for the oxidative cross esterica-tion of benzyl alcohol with methanol to methyl benzoate with O 2 as the oxidant with addition of K 2 CO 3 as a base. The optimization of the catalyst preparation conditions was performed and the results are shown in Table 1 .
The Co@NC (800-2h) (carbonation at 800 C under N 2 for 2 hours) was the most active catalyst for the oxidative cross esterication of benzyl alcohol with methanol to methyl benzoate in 98% yield at 60 C within 20 h (Table 1 , entry 7). The effect of calcination temperature for catalyst preparation was studied, and the Co@NC catalysts calcined at low temperature showed lower selectivity for the methyl benzoate (Table 1 , entries 1-4). The ratio of the IL/Co played a role, and the ratio of 3/1 was best for the catalyst preparation (Table 1 , entries 5-7). The catalyst Co/C (800-2h) (pyrolyzed a mixture of cobalt(II) acetate in activated carbon) showed low activity for the oxidative esterication of benzyl alcohol with methanol to methyl benzoate in only 12% yield (Table 1 , entry 8). Catalysts without adding Co metal, both C/IL (800-2h) and C (800-2h) have no catalytic activity (Table 1 , entries 9 and 10). In addition, reaction conditions were optimized for the oxidative esterication of benzyl alcohol with methanol. The oxidation gave methyl benzoate in only 30% yield without base ( With the optimized reaction conditions, the applying scope of the Co@NC (800-2h) for the oxidative cross esterication of benzyl alcohols with methanol was investigated, and the results are presented in Table 2 . We are delighted that a wide range of benzyl alcohols can be oxidized to the corresponding methyl esters in high yields. Benzyl alcohols substituted with p-OMe, mOMe, p-Me, m-Me and o-Me groups can be converted to the corresponding methyl esters in high yields (88-97%) ( Table 2 , entries 2-6). Moreover, the oxidation of nitrobenzyl alcohol in methanol gave methyl nitrobenzoate in 94% yield (Table 2 , entry 7). Notably, the oxidation of halides (including F, Cl and Br) substituted benzyl alcohols afforded the corresponding methyl benzoates in good yields (Table 2 , entries 8-13). Naphthalenemethanol and (methylenedioxy) phenylmethanol were oxidized into the corresponding methyl esters in good yields (Table 2 , entries 14, 15). The oxidation of cinnamic alcohol in methanol gave methyl cinnamate in 91% yield. Besides, heterocycle alcohols, furfuralcohol, and pyridine-2-methanol and pyridine-3-methanol were transferred into the corresponding heterocyclic carboxylic acid esters in good yields (Table 2 , entries 17-19).
As benzaldehyde was obtained as a byproduct in the cross oxidative esterication of benzyl alcohol with methanol, the selective oxidation of benzyl alcohol to benzaldehyde was tested. Without base added, Co@NC (800-2h) catalyzed selective oxidation of benzyl alcohol gave benzaldehyde in excellent yield (Table 3 , entry 1). Encouraged by the success, we examined various benzyl alcohols for the oxidation, and the results are listed in Table 3 . Benzyl alcohols with functional groups, such as CH 3 , NO 2 , F, Cl, Br and MeO, can be oxidized efficiently to the corresponding benzaldehydes in good to excellent yields (Table  3 , entries 2-9). The Co@NC (800-2h) catalyzed oxidation of diphenylmethanol afforded the benzophenone in good yield (Table 3 , entry 10). Besides, cinnamyl alcohol can also be applied in this system, and cinnamaldehyde was obtained in 90% yield (Table 3 , entry 11). Additionally, heterocyclic substrates such as 2-pyridinemethanol and furfuralcohol, were converted to the pyridylaldehyde and furaldehyde in 90% and 89% yields respectively (Table 3 , entries 12 and 13). Base can speed up the oxidation of alcohols but reduce the selectivity. Without base, aldehydes can be obtained selectively under mild conditions.
Next, we tried the ammoxidation of alcohols to nitriles, as nitriles are widely applicable in pharmaceuticals and biology active molecules. Delightedly, the Co@NC (800-2h) catalyst also allows the straightforward synthesis of nitriles from alcohols using aqueous ammonia and molecular oxygen. It was observed that the oxidation of substituted benzyl alcohols gave the corresponding nitriles in good to excellent yields (Table 4 , entries 1-14). But slightly low yields of nitriles were obtained when ortho-substituted benzyl alcohols were used for the ammoxidation reaction (Table 4 , entries 10-12). Moreover, cinnamonitrile can be obtained in high yield from the ammoxidation of cinnamyl alcohol (Table 4 , entry 15).
The reusability of Co@NC (800-2h) was investigated for the oxidation of benzyl alcohol to methyl benzoate, benzaldehyde and benzonitrile respectively. The recovered catalyst was reused aer ltered, washed and dried under vacuum at room temperature. Under the same reaction conditions, methyl benzoate, benzaldehyde and benzonitrile can be obtained in excellent yields respectively with the reused Co@NC (800-2h) catalyst (Fig. 1) . No evident deactivation was found aer 8 times of reusability of the Co@NC (800-2h) catalyst in all the 3 oxidation reactions (Fig. 1) . Moreover, no Co was detected (ICP-AES) in the solution aer removal of the Co@NC (800-2h) by ltration. To investigate the relationship of the catalyst structure with the performance, the catalysts were characterized by XRD, XPS, TEM, SEM and N 2 adsorption analysis. Since the catalysts were applied for the reductive amination of aldehydes with amines, and the catalyst structure was studied extensively. 13 As we can see only metallic b-Co peaks but no CoO or Co 3 O 4 peaks from XRD spactra, we can image that the Co(0) particles were coated with CoO in the Co@NC (800-2h) since Co 2+ was detected by XPS spectra ( Fig. S1 and S2 †). It is interesting that the recycled Co@NC (800-2h) was nearly the same XRD spectra, we can see only metallic b-Co peaks from the XRD spectra (Fig. S2B †) , which means Co in the recycled Co@NC (800-2h) was also Co(0) particles coated with CoO. With variable chemical valences, cobalt is able to transfer electrons and act as the active site for oxygen transfer. 14 Thus, the obtained Co@NC (800-2h) is responsible for the catalytic activity of the oxidations. Based on above oxidation reaction results, we proposed the pathway of the oxidation of alcohols to aldehydes, esters and nitriles (Scheme 2). The alcohols are oxidized to the corresponding aldehydes (A) rstly, and then reacted with methanol or NH 3 to the intermediates B or C (Scheme 2). Finally, the B and the C can be oxidized to esters and nitriles respectively.
Conclusions
In summary, effective Co catalysts were developed and applied for the selective oxygenation of alcohols to aldehydes, esters and nitriles. The catalysts Co@NC can be prepared simply and applied widely for the selective oxidations. Noteworthy, the Co@NC (800-2h) catalyzed oxygenation of alcohols can be regulated easily by changing the reaction conditions, and then the corresponding aldehydes, esters and nitriles can be obtained respectively. In addition, functional alcohols, including heterocyclic and allylic alcohols can also be oxygenated to the corresponding aldehydes, esters and nitriles respectively. Moreover, the catalyst can be recycled and reused without signicant deactivation. Thus, green, economical and sustainable processes to aldehydes, esters and nitriles were developed using oxygen as nal oxidant with high selectivity. c Isolated yields (isolated yields are slightly lower than related GC yields for volatile products). Fig. 1 The reusability of Co@NC (800-2h) for the oxidative esterification of benzyl alcohol (left); oxygenation of benzyl alcohol to benzaldehyde (middle); the ammoxidation of benzyl alcohol to benzonitrile (right).
Scheme 2 Proposed pathway of the oxidation of alcohols to aldehydes, esters and nitriles.
